Boosting the productivity of smallholder farming systems continues to be a major need in Africa. Challenges relating to how to improve irrigation are multi-factor and multisectoral, and they involve a broad range of actors who must interact to reach decisions collectively. We provide a systematic reflection on findings from the research project EAU4Food, which adopted a transdisciplinary approach to irrigation for food security research in five case studies in Ethiopia, Mali, Mozambique, South Africa and † Innovation transdisciplinaire dans les petites exploitations agricoles irriguées en Afriqueinformations tirées dune approche multi-études de cas ContractTunisia. The EAU4Food experiences emphasize that actual innovation at irrigated smallholder farm level remains limited without sufficient improvement of the enabling environment and taking note of the wider political economy environment. Most project partners felt at the end of the project that the transdisciplinary approach has indeed enriched the research process by providing different and multiple insights from actors outside the academic field. Local capacity to facilitate transdisciplinary research and engagement with practitioners was developed and could support the continuation and scaling up of the approach. Future projects may benefit from a longer time frame to allow for deeper exchange of lessons learned among different stakeholders and a dedicated effort to analyse possible improvements of the enabling environment from the beginning of the research process.
INTRODUCTION
Food insecurity in Africa is a major concern that is expected to worsen because of population growth and climate change. In many African countries, the population size will double by 2050 and it is expected that the continent will reach 2.5 billion inhabitants by 2050. 1 Most of the population growth will be in the poorest countries of the sub-Saharan region that have been the hardest hit by hunger and malnutrition. Sub-Saharan Africa is also one of the most vulnerable to climate change and variability on the continent (Intergovernmental Panel on Climate Change (IPCC), 2014), which will have severe implications for food and water security.
Agriculture contributes on average 24% of the annual economic growth in Africa. Throughout the continent, smallholder farming is the dominant form of agricultural land use (World Bank, 2008) . In semi-arid and arid regions of the continent, irrigation is considered indispensable to intensify food production. 2 Boosting the productivity of smallholder farming systems is an important pillar of rural development strategies for most African governments (Larson et al., 2016) .
Despite the call for increased irrigation to raise crop production, in 2006 African countries collectively irrigated only 5.4% (13.6 million ha) of their cultivated land, compared to the global average of around 20% and almost 40% in Asia (Food and Agriculture Organization of the United Nations (FAO), 2011). For decades, the international community has been searching for ways to raise farm productivity and improve livelihoods of smallholder African farmers. Despite significant investments, the past decades show only a slow-changing pattern (Collier and Dercon, 2014) and limited progress in developing market access and value chains (Devaux et al., 2018) . There is still widespread agreement on the need to increase productivity (Smith et al., 2017) and to prioritize investment in distributed irrigation infrastructure (Burney et al., 2013) .
Re-examining development models for smallholder agriculture in Africa to include a broader vision beyond a narrow focus on smallholders is needed (Collier and Dercon, 2014) . According to Collier and Dercon (2014) , this broader vision requires inclusion of clear institutional frameworks, which could allow a more dynamic agriculture to develop. It has become clear that the problems surrounding irrigation development are multi-factor and multisectoral, involving a broad range of actors who must interact to reach decisions collectively. It highlighted the need for new approaches that take into account the complexity of human-environmental systems and that accept the inherent uncertainties in collective decision-making and human behaviour-giving rise to multidisciplinary and transdisciplinary approaches to applied research in agriculture. Transdisciplinary approaches require investigators from different disciplines to work together to create new conceptual, theoretical, methodological and translational innovations that integrate disciplinespecific approaches to address a common problem. Transdisciplinary approaches also include non-research stakeholders as equal partners (farmers or decision-makers in the private and public sectors) to ensure sustainability.
The research project EAU4Food 3 adopted a transdisciplinary approach in five case studies in Ethiopia, Mozambique, South Africa, Mali and Tunisia, blending two main methods: on-farm trials of improved irrigation or crop management and multi-stakeholder platforms at different levels in order to identify problems and solution pathways that go beyond individual technical solutions.
The approach used in these case studies is very much in line with the concepts of sustainability science-a field that has matured over the past decade (Leemans, 2017) and that acknowledges the involvement of other epistemics to address uncertainties and the complexity of ill-defined problems (Spangenberg, 2011; Lang et al., 2012; Scholz and Steiner, 2015a,c) and aims to create knowledge that is solution-oriented, socially robust and transferable to both the scientific and societal practice (Lang et al., 2012) . In this view, transdisciplinarity can be seen as a core concept of sustainability science and is understood as a facilitated process of mutual learning between science and society that relates a targeted multidisciplinary or interdisciplinary research process and a multi-stakeholder discourse for developing socially robust orientations about a specific real-world issue (Scholz and Steiner, 2015b) .
There is an abundant literature on research into participatory irrigation management (e.g. Khadra et al., 2017; Senanayake et al., 2015) . The majority of these research efforts focused on involving farmers in the actual management of irrigation systems, but not necessarily on involving them in shaping the research process itself. Additional research concentrated on improved involvement of farmers' communities in the knowledge exchange process, in order to value explicit and implicit knowledge equally (Hoffmann et al., 2007) , to involve a wider range of stakeholders (e.g. Ritzema et al., 2008) , and conceptualize co-innovation in the value chain (e.g. Meynard et al., 2017) .
Addressing problems of smallholder farmers in a transdisciplinary approach has already been applied, for example in the context of implementing the primary innovation programme such as the Agricultural Innovation System in New Zealand (Botha et al., 2014) , developing smallholder farming systems with a focus on fertilizer use (Njoroge et al., 2015) , addressing water quality problems (Steelman et al., 2015) , or contributing to sustainable development (van Breda et al., 2016) .
However, before executing the project EAU4Food fewer experiences of implementing transdisciplinary approaches have been reported in the literature when it comes to the specific issue of innovation in irrigated agriculture for smallholder farms in Africa.
In this reflection paper we share insights and experiences gained during the implementation of the EAU4Food research project. Under this research, we systematically reflected on our insights in relation to six key principles of transdisciplinary research, which were derived from different review articles (Lang et al., 2012; Miller et al., 2014; Scholz and Steiner, 2015a; Spangenberg, 2011; Steelman et al., 2015) . These principles are: (i) engaging with the non-scientific community; (ii) establishing a coherent system definition and problem framing; (iii) analysing the system and developing solutions jointly; (iv) integrating results from different disciplines, classical and transdisciplinary approaches; (v) reintegrating knowledge into practice; and (vi) performing a periodical internal and external evaluation. Using this generic skeleton allows us to conclude on key elements that need to be considered in future transdisciplinary interventions to foster innovation in irrigated smallholder farming. The application is underpinned by evidence-based knowledge and insights from the six case studies mentioned above.
IMPLEMENTING PLATFORMS FOR A TRANS-DISCIPLINARY APPROACH TO INNOVATION
EAU4Food adopted a transdisciplinary approach, putting farmers' problems, needs and aspirations at the centre of the research and decision-making process, and diffusing and encouraging the active exchange of knowledge with the wider stakeholder community. A key aspect of transdisciplinarity is the mutual learning between science and society to cope with the contextualization of complex, real-world problems (Scholz et al., 2006) .
The established multi-stakeholder platforms combined communities of practice (CoPs) (Wenger, 1998 ) at a local level following the Tadla approach (Dionnet et al., 2008) , and learning and practice alliances (LPAs) at regional or national levels that originate from the Research-inspired Policy and Practice Learning in Ethiopia and the Nile Region (RIPPLE) (Calow et al., 2013) . During the implementation of the project, the concept of integrating CoPs and LPAs was further advanced by researchers of the Overseas Development Institute (ODI) and the Lien Social et Decision (LISODE) towards an operational approach (Mason et al., 2011; Mtisi, 2011) , ( Figure 1 ).
The focus of the CoP is to facilitate farmers' innovations at the local level in order to ensure farmer-to-farmer learning, directly involve farmers in the research process (problem identification, data collection and interpretation of results) and direct farmer-researcher interaction.
Members of the CoP were mainly farmers from the selected case study sites, local practitioners such as extension service staff, and representatives of institutions responsible for the local operation and maintenance of irrigation systems.
The LPA concept supports the integration of local actors, researchers and policy-makers at different levels. The LPA brings together a range of stakeholders to exchange knowledge and generate innovations, share experiences, develop joint agendas for change and test new solutions to common problems. In this way, the LPA acts as a vehicle for joint research, learning, and supporting the implementation of innovations throughout the project. At a subnational level, it aims at providing guidance and expertise and to link practice to policy.
Based on RIPPLE's experiences (Calow et al., 2013) , LPAs ideally consist of a wider range of high-level stakeholders and senior experts who can help bring about the necessary changes in the enabling environment that will allow innovation to take place. The composition of the LPA and CoP was decided based on consultation with local stakeholders and partners in the initial stage of the project, alongside an analysis of national and local political and social conditions.
The key advantage of integrating CoP and LPA includes, but is not limited to, facilitation of the exchange of ideas, knowledge and values: (i) between scientific disciplines, non-scientific knowledge and other perspectives; (ii) between research and practice; and (iii) across administrative hierarchies. The CoP-LPA combination enabled a move beyond academic disciplines altogether, seeking the integration and active participation of practitioners and decisionmakers in the research process. In this way, the CoP-LPA contributes to the integration of perspectives regarding extra-scientific and societally relevant challenges (as e.g. postulated by Burger et al., 2003) . This could potentially develop into sound discourses and ultimately re-establish trust (Spangenberg, 2011) among scientists, practitioners and policy-makers. The implementation of the approach followed a sequence of phases: (i) problem framing and team-building; (ii) cocreation of solution-oriented transferable knowledge; and (iii) reintegration and application of created knowledge, as proposed by Lang et al. (2012) to develop an ideal-typical conceptual model of a transdisciplinary research process.
The coordination of the CoP-LPA process was organized by local action research teams which, for that purpose, also included researchers from ODI and LISODE. Following the logic of the transdisciplinary approach, the CoP initiated the identification of key problems and the related research priorities using two methods: First by photo safari-asking farmers to document the problems they face by taking photos with a camera provided, and also, where possible, document local innovations. Second, by the problem tree -whereby a group of farmers identifies a set of key problems (the stem) and then works backwards to identify the root causes (the root) and upwards to suggest solutions (the branches and leaves). The results were then presented to the LPA for comment and comparison with the problems identified by the higher-level stakeholder community. Subsequently, a research and experimentation strategy was developed and agreed with farmers at the CoP level, as well as by the LPA.
Where possible, farmers were involved in data collection and carrying out research and experimentation on their own land. Their views in relation to the criteria for the success of an experiment were considered alongside scientific criteria. The research results were presented within the LPA and CoP. The results of the case studies were also exchanged annually among members of the research community. Outreach and dissemination occurred through formal CoP and LPA meetings, individual farmer field days, as well as through traditional academic presentations conducted incountry and internationally. Bilateral discussions between local case-study coordinators and higher-level stakeholders provided means to develop shared ownership of the approach and to exchange findings on problems and possible solutions.
The entire process was accompanied by outcome mapping, which is based on the rapid outcome mapping (ROMA) approach (Michel et al., 2013; Young and Mendizabal, 2009 ). Outcome mapping was initiated midway through the project when partnerships, actors and key markers of change could be identified. Mapping included the following stages: (i) defining the objectives; (ii) understanding the basic context; (iii) identifying the underlying theory of change; (iv) developing an action plan based on available resources; and (v) deciding upon progress markers, monitoring progress and adapting as necessary. Specific objectives for planned interventions and related methods to reach them were developed in the rather late phase of the project after setting up the LPA and CoP.
EAU4FOOD CASE STUDIES
The case studies presented in this issue (for overview see Table I , Figure 2 ) were selected at the beginning of the research process to reflect different irrigation and farming systems, biophysical and socio-economic contexts, political settings, and cultural and linguistic context. They represent regional differences, but also similarities of smallholder irrigation systems in Africa. The cases represent three different types of irrigation systems: firstly, irrigation schemes supplied by river water (Mozambique, Mali); secondly, damsupplied schemes (Ethiopia, Tunisia); and thirdly, individual farm irrigation systems with a water supply from boreholes or river abstraction (South Africa).
Each case characterizes a situation where smallholder farmers are dependent on access to irrigation water due to climatic conditions and face institutional barriers to innovation in irrigated agriculture. In all cases, the farmers are required to operate within the constraints of available land, access to water and prevailing conditions of the political economy.
Specific context analyses, problem settings, research approaches and results are elaborated in detail in the different papers of this special issue. The main objective of the current paper is to provide a synthesis of the benefits, limitations and future directions of implementing transdisciplinary research for sustainable development in irrigation.
Gumselassa irrigation scheme-Ethiopia
The Gumselassa irrigation scheme is situated in the semiarid Tigray region, 25 km south of the region's capital, Mekelle. The mean annual rainfall is estimated at 513 mm yr‾¹. The irrigation water is supplied from a reservoir, with a storage capacity of 1.9 million m 3 through an open channel system. Currently, only 60 ha of the originally planned 110 ha are irrigated (Fissahaye et al., 2017) . Individual farmers are farming parcels of 0.2 ha, with maize and barley as the dominant crops.
The management of the irrigation scheme is primarily governed by a water user association (WUA) whose members consist of local farmers. Each year, the WUA holds an annual general assembly, during which key issues related to water allocation, conflict management, operation and maintenance of the irrigation system are discussed, and these discussions often resulted in new legislation called a serit (equivalent to a local by-law). The elected irrigation leader, the Abo-Mai, is responsible for operating the main canal gate, managing the distribution of water, supervising conflict mediation and issuing penalties. Originally, the Gumselassa irrigation area was divided into irrigation units. These units disappeared, and individual farmers are now required to request water from the Abo-Mai, weakening the control of the WUA (Fissahaye et al., 2017) over the use of water resources for their plots. A government-appointed district-level expert also has an advisory role within the general assembly. A recent evaluation of how government influences self-governing institutions to manage irrigation schemes showed that well-meaning government interventions often fall short of their objectives. Governments provide modern infrastructure, institutions and agricultural inputs, but these are often less tailored to local conditions and highlight the need for incorporating farmers' perspectives into planning and performance assessments .
The EAU4Food intervention provided a means for farmers and government officials to collectively discuss issues surrounding the Gumselassa irrigation scheme. During the intervention, a plethora of challenges and a wide range of research priorities were identified, including joint research to improve soil fertility, agricultural practice, irrigation management and pest control. The key problems specified by the farmer community are: dam siltation, damaged canal infrastructure and in particular the broken second main gate at the dam outlet. However, these issues remain outside the farmers' influence and the scope of the EAU4Food research project. Nevertheless, these problems were raised at LPA meetings and brought to the attention of relevant government decision-makers. Researchers, farmers and government decision-makers alike also identified that operational structures should be developed to facilitate the involvement of farmers in the maintenance of local canal systems and guarantee government commitment to repair and maintain irrigation canals and dam gates.
KO2 irrigation scheme-Mali
The Niger KO2 irrigation scheme is located in the Niger inner delta, in a semi-arid area with mean annual rainfall of 433 mm yr‾¹). The scheme consists of 13 tertiary canals, about 300 ha irrigated land for 195 farms and is located downstream of Niono. Water is provided through open channels from the Niger River. The Office du Niger is responsible for the maintenance of the canal infrastructure covering both the irrigation and drainage systems. Currently, agricultural productivity is hampered by organizational issues and difficulties in coordinating agricultural water management.
During the CoP, farmers mentioned a variety of problems at the farm level, as well as at the level of secondary and tertiary canals, largely related to issues of soil fertility management, maintenance of canals and a lack of communication between the staff at the Office du Niger and farmers.
The most important threat to the successful implementation of the CoP-LPA approach in Mali was the political and security crisis in 2012, which forced the local researchers from Institut d'Economie Rurale, Mali (IER) to implement the entire transdisciplinary approach without the local presence of international research partners.
Chokwe irrigation scheme-Mozambique
The Chokwe irrigation scheme was the first in Mozambique and was built in the 1950s. It is located in the inundation plain of the Limpopo River basin, receiving an average rainfall of 630 mm yr‾¹, and is particularly vulnerable due to the influence of the palaeodelta in the flood dynamics. The scheme is the largest in the country with a total area of 30 000 ha; large commercial farmers occupy 64% of the area, and smallholder farmers make up the rest, usually farming less than 2 ha on average (Ducrot et al., 2019) . During the 2012/2013 season, only a small fraction (6849 ha) was irrigated for agricultural production due to salinization and poor infrastructure exacerbated by recurrent flooding. After several transformations (Veldwisch, 2015) , Hidráulica de Chókwè Empresa Pública (HICEP) is now responsible for maintaining the primary water distribution infrastructure. The maintenance of the secondary to quaternary infrastructure for both irrigation and drainage is the responsibility of the farmers that make up the 36 WUAs. The capacity of both the WUAs and HICEP to organize and follow through with necessary maintenance is weakened mainly by institutional barriers, lack of coordination and communication, all of which are exacerbated by recurrent flooding. During the 2013 flood, the scheme, the city of Chokwe and neighbouring districts were all inundated. Using a transdisciplinary approach which included WUAs and HICEP, the impact of the 2013 flood event on the functioning of the scheme was analysed collectively. The intervention provided an opportunity for all actors involved to rethink their responsibilities and communication strategies in order to recover from the crisis. The approach focused on the relaunch of agricultural activities after the flood.
Farmers also indicated their desire to lower production costs. Together with the farmer association '21 de Maio', experiments were conducted to produce compost out of the local crop residues and, thereby, reduce the need and associated costs of mineral fertilizers.
Greater Giyani Municipality-South Africa
The South African case study was conducted on two individual women's cooperative farms located in the Greater Giyani Municipality area (receiving rainfall 500-600 mm yr‾¹), which is part of the lower Letaba River basin in Limpopo Province. Irrigation is practised by pumping water from the river (Zava farm) or from groundwater (Mzilela). Maize and vegetables are the major crops cultivated in the area. Farmers were not formally part of a WUA and there is no operational catchment management agency (CMA). The Giyani area was earmarked for development by the national Comprehensive Rural Development Programme (CRDP) (2009) and the selected women's cooperative is supported through government extension services (local office of the Department for Agriculture and Rural Development). The farmers listed the following main problems in this case study: (i) a lack of equipment; (ii) inadequate farm management; and (iii) limited access to markets. Of all the cases within the EAU4Food project, that in Giyani was characterized by the greatest remoteness in relation to where incountry researchers are situated (Stellenbosch and Pretoria). Therefore, it was originally planned to involve the local department of agriculture (LDA) as closely as possible in the facilitation of the experiments and the coorganization of the CoP and LPA, targeting continuation after the lifetime of the project. Due to a number of technical and organizational problems, the experiments only continued in one out of the four farms. The experiments were finally mainly carried out by the researchers. Despite the intensive support of facilitating the LPAs and CoP by the project researchers, a strong widespread uptake of the introduced technologies, continuation of the LPAs/CoP through the LDA and promotion of the proposed approach at province, district and local level could not be achieved, as there were too many intrinsic barriers to be overcome (mandate and resources at LDA level, too advanced an irrigation practice for uptake without further support), limited resources for the research project to maintain a sufficiently long follow-up). Nevertheless, the intensive interaction and communication led to a better understanding of underlying barriers, a principal recognition of the value of the approach, and some appetite in the farming community to follow the example of the demo farm.
Brahmi irrigation scheme and Abida-Tunisia
The Brahmi irrigation scheme is located near Jendouba and is supplied by the Bou Heurtma dam. This semi-arid region receives mean annual rainfall of about 560 mm yr‾¹. The scheme was established in 1987 and covers 5000 ha. The water is delivered through a pressurized distribution system. The cropping pattern previously followed a four-course rotation of sugar beet/cereals/forage and vegetable production. Problems with scheme management, increases in production costs, stagnation of market prices and closing of the milk and sugar-beet factories significantly affected agricultural production in this area. The crop rotation system has now shifted to a 2-year cycle and to monoculture cereal production in some parts of the scheme.
The regional state office for rural development, the Commissariat Régional au Développement Agricole (CRDA), is responsible for operating the primary and secondary level water supply. Six WUAs called groupements de développement agricole (GDAs), are in charge of operation and maintenance at tertiary level.
The age of the system and lack of maintenance are major threats to securing water supply at all levels. Tensions due to sharing of responsibilities between GDAs and CRDA lead to frequent misunderstanding and conflicts among individual farmers, GDAs and CRDA.
The key issues identified by the farmers were: managerial challenges (including financial issues), system maintenance and the demand for a working extension service system. Furthermore, there is a need for farmer organizations to connect to agro-industries so that they can benefit from extended value chains. In addition, there are problems with obtaining high-quality seeds and drainage needs to be improved, in particular during the winter months. Table I . Comparative overview on key aspects from implementing the transdisciplinary approach within 5 Case study regions. Figure 2 ENGAGING WITH AN EXTENDED, NON-SCIENTIFIC PEER COMMUNITY A diverse set of actors and stakeholders from the nonscientific community were actively engaged in the EAU4Food case studies to co-develop research activities. This fulfilled a key principle in transdisciplinary research and constituted, to some extent, a paradigm shift in advancing smallholder irrigation.
The EAU4Food project was able to take a few important steps towards resolving important issues surrounding irrigation at these sites. However, much more needs to be done in order to fully implement a transdisciplinary process, as well as reaching a significant improvement in irrigated production. This should not be surprising, given the complexity of each site and the fact that the transdisciplinary approach was new for most of the researchers from both Europe and Africa, who, with a few exceptions, predominantly have a technical background. Achieving the key objectives of a transdisciplinary approach requires an extended commitment on the part of all stakeholders and requires time to be fully integrated. Participatory processes are influenced by the context and strategies of the participants. It remains a challenge to manage the diversity of expectations and to safeguard a continuity of participation Musvoto et al., 2015) . Dolinska et al. (2019) highlighted the readiness, in particular of researchers, to participate in the transdisciplinary process. Important learning has taken place for all participating researchers in the EAU4Food project. One aspect that demands further attention in future projects is the vicinity/remoteness of study sites from where researchers or other project implementers are located. Implementing a transdisciplinary approach requires experienced facilitation throughout the entire process. There is also a need to manage emerging demands, local interests and involvement of stakeholders across all relevant levels within the given political economy.
The experience of the EAU4Food project highlights the advantage of having local research institutions close to the study sites to develop and build capacities to engage in a transdisciplinary process, as was the case in Ethiopia and Mali. The greatest distance between the local research community and the study site was in South Africa. However, in Mozambique and Tunisia local researchers also had to make a considerable effort to reach the study sites and to engage with the farmers and the wider stakeholder community.
Overall, there is a great need to advance researchers' capacities for engaging in a transdisciplinary approach and to contribute to its facilitation. The involvement of expertise remains a challenge in advancing transdisciplinary approaches. Both the ODI and LISODE made enormous efforts to facilitate the local transdisciplinary process, as well as to convince sceptical researchers about the usefulness of a transdisciplinary approach and increase the capacity of the entire research consortium. Arranging the long-term presence of researchers is essential in order to gain an in-depth understanding of the framework conditions under which innovations can take place. This is reflected in the outcome of the effort of Centre de coopération international en recherche Agronomique pour le développement (CIRAD) to participate in the Mozambique case study (Ducrot et al., 2018 (Ducrot et al., , 2019 .
How to build sufficient local facilitation capacity, enable researchers to rethink their role and organize the involvement of technical expertise effectively, remain key questions for sustainability science.
Maintaining continuous local stakeholder participation in CoPs and LPAs was a challenge in all five countries. Busy schedules, competing projects and high staff turnover made it difficult for government and staff to sustain involvement at the individual level. Where smallholder farms are scattered and widespread, as was the case in South Africa, high costs of travelling made it difficult for researchers and staff to visit the farms or to allow farmers to attend meetings.
According to Hanafi et al. (2019) , participants in the CoP group discussions can also quickly become disappointed when it is not clear to them that the meetings will effectively contribute to immediate solutions. At the same time, farmer initiative to engage in the transdisciplinary process is clearly affected by the attendance of high-level decision-makers at the LPA and the resultant opportunity for farmers to emphasize relevant problems and receive some sort of recognition.
Overall, deciding which groups and stakeholders should be included in meetings is an important consideration for the transdisciplinary process to be effective.
A comparative analysis of case studies from Ethiopia, Mozambique and Tunisia revealed that working on the already existing groups and building on prevalent formal dialogue groups is very helpful to create learning communities .
COHERENT SYSTEM DEFINITION AND PROB-LEM FRAMING
Joint problem identification and systems analyses are essential to create a basis for the development of solution-oriented and transferable knowledge (Lang et al., 2012) . This should be as open as possible in order to allow a maximum number of actors to participate and air their priorities and to enable ownership of the results. Focusing on a distinct main issue can also stimulate the motivation of participants to engage more fully in the process . Attention should be paid to maintain good continuity in participation and keep as far as possible the same stakeholders within the process. Obtaining a thorough inventory of key problems to be addressed is, therefore, indispensable. Starting with the photo safari and problem tree analyses, ranking and reflecting on the problems within the CoP and the LPA were positively experienced and confirmed the practicality and effectiveness of these methods. However, all of the case studies showed that reaching a coherent system definition and problem framing is not trivial and depends on two main factors. First, the preselection of a specific problem to be addressed (in this case focusing on improving irrigated smallholder agriculture) is a key factor. In our case the preselection was done at the proposal stage of the project. Second, the choice of stakeholders involved in the definition process strongly influences coherent system definition and problem framing.
In retrospect, more effort should have been made to involve stakeholders from the LPA during the baseline report development, which could have led to a better shared understanding of the context and perceptions of the enabling environment in which the innovations needed to take place.
Additionally, bias in the specification of priority issues can influence problem framing as well. From the beginning, the case studies focused on smallholder irrigation and due to the composition of the project consortium, a technical bias was apparent. Within the problem framing, field-scale topics emerged strongly as dominant issues, while many of the underlying drivers, such as lack of funding for maintenance of infrastructure, weak value chains or inefficient coordination between different line ministries, were not identified as key issues the research could address. If a wider starting point had been chosen, such as achieving food security, different actors would (most likely) have been involved, which could have led to a different system definition, problem framing, selection of research priorities and scales. Previous research emphasizes the influence of dominant individuals and the potential influence on problem definition by individual interviewees over a collective problem prioritization . In our project, the combination of CoP and LPA was helpful to identify biased perceptions (if any) and could determine whether or not dominant individuals were exerting strong influence on the process.
The case studies also revealed that prioritized solutions that were identified to address problems were often outside the farmers' sphere of influence; for example, the solutions were and clearly related to the absence of an enabling environment that favours self organized innovation. In some cases, problem framing was more related to issues that should be addressed by traditional government interventions or development projects. Examples include: the request for technical assistance and new infrastructure in Tunisia, South Africa and Ethiopia, the request for better education opportunities for extension service staff in South Africa or expecting aid and financial compensation for the post-flood recovery in Mozambique. Such kinds of problem framing are often beyond the scope and capacity of a research project like EAU4Food. Future research projects should take into account developing objectives and methods at an earlier stage in order to obtain progress markers and allow for refining research activities or stakeholder engagement strategies, which could further increase ownership of important and relevant research results.
JOINT SYSTEM ANALYSIS AND DEVELOP-MENT OF SOLUTIONS
Farmers were involved in diverse types of experiments in each case study. By considering all case studies, a fairly comprehensive compilation of relevant elements for increasing the production in irrigated agriculture was investigated. For example, testing seeds and seedlings was the topic in Mali (drum seeder with pre-germinated seeds) and South Africa (alternative tomato seedlings). Irrigation scheduling was a clear focus in the Ethiopian and South Africa cases. Improving soil fertility was targeted in South Africa (mulching, mineral fertilizer) and Mozambique (producing compost). Work on the Ethiopian case study elaborated the alternative production of pesticides, whereas viable weeding practices were tested in Mali. Experiments on a more strategic level, such as innovating crop rotations and enhancing dairy production, were the focus in Tunisia, while developing solutions for canal maintenance and/or the planning of maintenance was central in the Mali case study and in
Mozambique.
An open transdisciplinary process led to different focal areas in the various experiments. The involvement of farmers in the planning of experimental work and in the execution of research activities varied considerably among the case studies. The variation was for different reasons, ranging from local circumstances, identified (priority) problems, external events such as floods and political crises, and the capacities of research teams to provide meaningful support in the innovation process. The involvement of farmers' communities was influenced by the composition of local research teams, their familiarity with transdisciplinary approaches and related perceptions as to what extent farmers' communities should actually become involved.
The involvement of farmers in defining problems and carrying out on-farm trials led to a very intensive and interactive participation of farmers in the research and experimentation activities in Ethiopia, Mali and Mozambique, as described by Dolinska et al. (2019) , Habtu et al. (2019 , Dicko et al. (2019) and Diawara et al. (2018) .
In Mali, local knowledge of farmers was highlighted in a participatory process that used their own perception on the elaboration of irrigated rice yield (Diawara et al., 2018) ; amongst others, farmers built yield determination diagrams that were surprisingly close to internationally famous scientists' writings such as Matsushima (1966) or Yoshida (1981) . This indicates that it is not always knowledge that prevents farmers from applying best practice, but there is a need to adapt the practice to local constraints. Local knowledge was then used to conduct tests of alternative rice implementation techniques, comparing direct sowing and transplanting. Intensive group discussion on challenges and opportunities paved the way for a broader dissemination of a technical innovation (wet direct seeding using pregerminated seed in paddy fields), which had been experimented with by only a few farmers until then.
A more indirect involvement of farmers took place in the South African case study. Here, the experiments took place on the property of the local women's cooperative and allowed a direct comparison of yields from crops grown by applying farmers' traditional production methods with those yields of advanced production methods that were performed by the local research team. Instead of carrying out physical experiments on farmlands, the case study in Tunisia was based on a role-play game that led to a very solid involvement (self-organization) by the local farmers' community . This was also the case in the work dealing with maintenance in Mozambique (Ducrot et al., 2018) .
Involving stakeholders directly in experimentation, sampling and analysis requires significantly more effort than in a traditional research project. Yet the value of such involvement is demonstrated in the case of Gumselassa , where joint elaboration and discussion of water balances with the farmers' community led to a shared insight that more water could be provided to the tail-end farmers-contributing to equitable water distribution.
All cases demonstrated the relevance of adapting the experimental work in such a way that farmers can assume a greater responsibility for the conceptualization and execution of the experiments. In this context, researchers who engage in a transdisciplinary approach must be open to less stringent or sophisticated experimental designs and allow sufficient time to plan and execute local experimentation with significant input from famers. Dolinska et al. (2019) showed that involving farmers in a real physical experiment demands considerable investment of farmers' time and labour. Only slight increases in productivity, either because less suitable experimental set-ups were chosen or because of external climatic factors, create a high risk of discouraging farmers from engaging in future transdisiplinary projects.
INTEGRATION OF RESULTS FROM DIFFERENT DISCIPLINES, CLASSICAL AND TRANSDISCI-
PLINARY APPROACHES Lang et al. (2012) highlighted the need for integration across knowledge types, organizational structures, communication styles and technical aspects. The elaboration of solutions towards sustainable development should span different disciplines, scales and sectors. In this regard, continuous and intensive cooperation is of critical importance. It takes time to develop a mutual understanding among stakeholders with different expertise and successfully achieve their expected contribution to the overall goal. Teams who already have an ongoing cooperation with farming communities have clear advantages in this regard. But even if the need for involving different expertise is jointly understood, limited financial resources and personal networks may hamper approaching partners from other sectors.
The integration of traditional disciplinary and transdisciplinary approaches is not an easy task. Within EAU4Food, local participatory experiments were accompanied by traditional disciplinary studies in order to provide further insight into specific problems. Relevant multidisciplinary efforts presented in this special issue are: (i) comparison of crop water productivity ; (ii) examination of yield response in relation to different irrigation and fertilization scheduling scenarios under varying climatic conditions ; (iii) simulation of better irrigation scheduling ; (iv) advancing methods to extend life cycle analyses (LCAs) at territory scale (Pradeleix et al., 2019) . Despite the integrated CoP-LPA approach applied in EAU4Food, realizing an uptake of results from such in-depth studies in the design and execution of farmer-led experiments was not achieved within the 4-year project lifetime. Nevertheless, the conducted work was mainly used to raise awareness of a certain issue. Therefore, the joint achievement of results and their dissemination to local stakeholders contributes to important initial steps towards a pathway to successful co-development and co-implementation of a transdisciplinary approach. However, data acquired in a participatory working environment may only be available after selecting the priority issues and therefore often only at the end of the completed experiment/project.
Our results indicate that advancing methods in both agronomic and sustainability research can surely help to gain a better understanding of relevant processes in the future. However, if such developments are executed in parallel with the joint investigations of innovations in smallholder farming system productivity, results are often produced too late for timely inclusion in the stakeholder interaction process.
REINTEGRATION OF PRODUCED KNOWLEDGE
Reintegration of produced knowledge into practice and, hence, achieving actual innovation, is a central ambition of sustainability science. As highlighted by Dolinska et al. (2019) , this is not the same as knowledge transfer from science to practice, but much more about getting a group of farmers to become a learning community. One important assumption underlying the transdisciplinary approach is that the inclusion of stakeholders in the research process is critical for the uptake of innovation (Musvoto et al., 2015) . However, despite the codevelopment of particular strategies to improve irrigated agriculture, the actual reintegration of new practices within the EAU4Food case studies was relatively low.
There is a higher chance of reintegration of new knowledge in situations where farmers can realize innovation within their own financial and technical capacity and within their own sphere of influence. But even then, and despite obvious benefits, scepticism or simply habitualness can be factors that make it difficult to change the way farmers have been working for decades.
Furthermore, there are several barriers outside farmers' influence. Lack of access to information, funding and markets, improper maintenance of infrastructure and lacking institutional reforms require a systemic change of their own. To some extent, the private sector can help play a role in improving market access. However, governments have a major role to play in improving the enabling environment for innovation. In particular, in the context of irrigation management transfer, Oates et al. (2019) underlined the dilemma that while small-scale irrigation schemes should be self-governed, the introduction of new technologies and formalized institutions must receive state support. To support self-governance over the long term, ways should be sought to increase the ability to adapt public investment to diverse local contexts and build on existing institutions.
Sufficient time and continuity are key for a successful transition to take place. Innovations mature over a time horizon that generally exceeds the typical duration of a 4-year research project. Extension services could play a role in facilitating a continuous transdisciplinary process. However, the experience of the five case studies proved that many members of the staff were trained in the traditional transfer of technology (ToT) approach and engaging with farmers in a participatory manner was an alien concept for them, as it has been for researchers in irrigation for a long time as well. Extension officers are trained to teach farmers what to do and consequently do not consider their knowledge as of high value.
Our research stresses that before extension services can play a leading part in the transdisciplinary approach, a different mindset and approach need to be established.
We also recognize that it is not only a matter of better differentiation of roles and responsibilities. Innovation can be severely hindered if there are tensions, distrust or different and conflicting expectations . The authors highlight the need for a productive interaction between researchers, farmers and government representatives.
Therefore, continuing the dialogue between farmers and the wider stakeholder community beyond the lifetime of an externally financed project can offer further opportunities to advance innovation in smallholder farm systems. Of all the case studies within the EAU4Food project, only the case of Mozambique provided signs of autonomous continuation. After several proto-LPA meetings, the Instituto Nacional de Irrigação (INIR) launched the official LPA in March 2014 to introduce the concept to different stakeholders as the Limpopo dialogue platform.
Finally, there is a need to adapt research and development instruments for enabling transdisciplinary approaches. Funds for reconstruction of infrastructure are not usually elements of research projects, neither do development projects easily create room for co-creation and in-depth experimentation. Creating and reintegrating knowledge should benefit from combined instruments, allowing a better combination of research and development programmes.
PERIODICAL INTERNAL AND EXTERNAL EVALUATION
Implementing a transdisciplinary approach provides an environment in which continuous learning and interaction occur. Outcome mapping and reflecting on an underlying theory of change should not be restricted to an evaluation of the technical impact achieved. Over time all participants (scientific and non-scientific) in the EAU4Food projects gained a greater interest in implementing the transdisciplinary approach (Ludi and Oates, 2015) . A structured qualitative evaluation of the methods used by investigators-both the research and the innovation process-provides for a better understanding of the true barriers to innovation and ways to overcome them. Within the case studies presented here, transdisciplinary research was completely new to nearly all the participants.
A key here is to understand why the participants will have continued interest in the developed strategies or in further improving or implementing them. This insight calls for a creation of longer-term partnerships to stimulate joint discussion on evaluation and learning.
FUTURE PATHS FOR INNOVATING IRRIGA-TION WITH SMALLHOLDER FARMERS
The experience gained from EAU4Food and its five African case studies revealed the nature of the challenges faced by smallholder farmers. Innovating smallholder irrigation is complex and includes relating to agro-technical, agronomic and socio-economic conditions and, above all, the political economy environment. Successful transdisciplinary research that is able to address problems beyond the field level requires openness and relevant capacity from all involved stakeholders: on the one hand, decision-makers need to understand the evidence presented to them by researchers and act accordingly. On the other hand, farmers need to feel secure and valued to identify the problems they face and be listened to. Also researchers need to accept that there are other knowledge and value systems that are equally valid.
The objective of transdisciplinary research is to move beyond bridging divides in academia, to directly engage in the production and use of knowledge outside the academic world. The research is meant to co-create solutions that have emerged from collaboration with all the groups involved, with the ultimate goal of producing knowledge that can materialize meaningful change.
To contribute to meaningful change through a transdisciplinary process, scientists, researchers, in-country policymakers and other stakeholders who have traditionally held dominant roles in decision-making, must reflect on their position and empower other stakeholders who traditionally had little or no voice. Acknowledging other knowledge and value systems as being equally valid is not an easy task, nor is it a simple feat to meaningfully contribute to a dialogue in an environment in which other groups, due to their perceived higher social standing, dominate the discussion.
Accepting that knowledge and value systems other than their own are equally valid is a challenge faced by all stakeholders in the transdisciplinary process.
In order to promote transdisciplinary research in future, additional ways should be found to reward the engagement of academia in farmer-led transdisciplinary processes. Measuring the true impact of a project is key and hence the commitment to participatory principles should be emphasized, which is not necessarily stimulated by measuring the scientific output by number of papers and h-index . For example, in this view, donor organizations can play an important role by simply making transdisciplinary approaches a prerequisite for receiving funding.
Feedback from project partners at the end of the EAU4Food project indicates that most of the stakeholders believed that the transdisciplinary approach had indeed enriched the research process, compared to if they had followed more traditional methods. Noticeably, in all our case studies, local coordinating research teams primarily had a technical background, but were able to build, in cooperation with project partners, some of the necessary capacities and skills for organizing and managing the transdisciplinary process.
Overall, farmers, government staff and researchers considered the approach successful, giving those actors a voice who usually do not have a say, namely farmers and local government staff, and a chance to actively contribute to the research process and shape the research agenda. In our experience, the approach did not entirely question power relations, but provided genuine opportunities for cooperation and learning among different stakeholders.
Applying the transdisciplinary approach in the five case studies across Africa revealed its robustness-the approach could be applied under difficult conditions, as was seen in the 2013 Limpopo flood in Mozambique, the revolution in Tunisia and in the face of political tensions in Mali.
Given the relatively short duration of the project and the absence of a counterfactual, it is difficult to prove from the case study results whether the transdisciplinary approach applied in the EAU4Food research project has led to higher uptake than would have been the case had a traditional research approach been used. In any case, applying the transdisciplinary approach resulted in in-depth understanding of underlying innovation barriers. Oates et al. (2019) , Hanafi et al. (2019) and Dolinska et al. (2019) show which barriers need to be specifically addressed in future planning and design of interventions. Having distinct platforms such as CoPs or LPAs, and their well-integrated modes in particular (CoP-LPA), have proven useful to gain specific contextual insights, as well as a broader view and, hence, to create a more holistic perspective, among all participants, of the innovation process (Musvoto et al., 2015) .
The experience from the EAU4Food project reveals that managing a transdisciplinary research project is a challenge on its own and is different from running classical research projects. Being stakeholder driven, such projects require a sizable commitment, patience and flexibility from all actors involved to accommodate upcoming demands and unforeseen priorities. This is particularly the case during the inception period of the project. Sufficient time must be set aside to interact substantially with CoP-LPA members. Using a structured protocol to guide all relevant steps that have to be followed is also essential to streamline the different contributions from different stakeholder groups (Musvoto et al., 2015) . The selection of expertise to be part of the research team should be kept open until the problem has been identified.
There is a need to establish future LPAs in such a way that they actually contribute to problem solving at a higher level and tackle elements of the enabling framework that suppress innovation. LPAs should also aim at agreeing a shared definition of development goals and sustainability targets to which the innovation of irrigated agriculture should contribute.
The composition of the stakeholder platforms such as CoP and LPAs and their integrated modes (CoP-LPA) must be flexible enough to meet the given complexity and context, and must also include representatives from outside the primary production sphere, such as from agribusiness, the financial sector, regional planning and other decisionmakers who have a bearing on smallholder farmers or water management.
Building trusting partnerships and transdisciplinary approaches in research for development and innovation takes time. Novel ways should be explored to develop larger strategic programmes that continue over an adequate period of time (>5 years) to provide an enabling framework, that allow for flexible involvement of actors and experts, and contain a strong political mandate to implement a transdisciplinary approach. Combining research instruments and development programmes will furthermore help to gain insights from research to optimize the transdisciplinary approach and develop adequate infrastructure and organizational structures at the same time. Institutionalizing and sustaining transdisciplinary research could be furthered by exploiting alternative funding models, such as revolving funds or long-term public-private partnership concepts.
Above all, the EAU4Food experiences reflected in this special issue emphasize that actual innovation on irrigated smallholder farms remains limited without sufficient improvement of the enabling environment and taking note of the wider political economy environment. The development of interventions cannot remain at the local farm-level scale but should correspond to specific contexts and given complexities at local, regional and national scales.
The set-up of EAU4Food led to a mix of methodological approaches including: in implementing transdisciplinary approaches, advancing individual assessment methods, and in efforts to increase crop production in the field. Future transdisciplinary research projects will certainly benefit from making a clearer distinction in focusing either on specific methodological aspects, or generating local capacity, or providing orientation in solving practical problems.
On the whole, all the participants in the EAU4Food project, including the research community, the farmers' community and higher-level stakeholders, emphasized the fact that the transdisciplinary approach provided valuable insights into the design of future interventions to increase agricultural production. Finally, the participants expressed great interest in continuing to participate in transdisciplinary research with the aim of finding solutions to problems related to irrigation development in the field.
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